ChioreQa ellpsoidea Gerneck (IAM C-27) was synchronously grown and cells at an intermediate stage in the ripening phase of the cell cycle were hardened at 3 C for 48 hours. At various times of hardening, the cells were pulse-labeled for 4 minutes with I'4CINaHCO3 in the light or with I'4Clglucose in the dark, and the incorporation rate of 14C into total llpids was determhied. A high incorporation rate of ('4CINaHCOs at zero time of hardening decreased after 6 hours. In the next 15 hours, a distinct increase was noted. This increase occurred prior to the development of frost hardness. Cycloheximide completely inhibited both the increase and the development, and 3-(3,4Wchlorophenyl)-1,1-dimethylurea remarkably lowered the high incorporation rate at zero time. The incorporation rate of 1'4Clglucose increased along with hardiness in the dark. These results suggest that the major site of lpid synthesis shifts from chloroplasts to a cytoplasmic system during hardening of Chloregk Recent papers indicate that the primary site of freezing injury in plant cells is the cellular membranes (12, 15, 17) and that the membranes undergo changes in both the total amount and the composition of phospholipids during hardening (7, 19, 20 mediate stage in the ripening phase of the cell cycle) (10), L2 cells were used here.
I'4Clglucose in the dark, and the incorporation rate of 14C into total llpids was determhied. A high incorporation rate of ('4CINaHCOs at zero time of hardening decreased after 6 hours. In the next 15 hours, a distinct increase was noted. This increase occurred prior to the development of frost hardness. Cycloheximide completely inhibited both the increase and the development, and 3-(3,4Wchlorophenyl)-1,1-dimethylurea remarkably lowered the high incorporation rate at zero time. The incorporation rate of 1'4Clglucose increased along with hardiness in the dark. These results suggest that the major site of lpid synthesis shifts from chloroplasts to a cytoplasmic system during hardening of Chloregk Recent papers indicate that the primary site of freezing injury in plant cells is the cellular membranes (12, 15, 17) and that the membranes undergo changes in both the total amount and the composition of phospholipids during hardening (7, 19, 20) . Transition of lipid metabolism during hardening, which causes the phospholipid changes in the membranes, remains to be elucidated.
Previous studies have shown that hardened cells of Chlorella ellipsoidea are able to survive slow freezing to -196 C (10) , and alterations in the membrane lipids and the functions of organelles in the algal cells are involved in the development of frost hardiness (9, 11, 13) . As a first step in studying the transition of lipid metabolism during hardening of Chlorella, cells were pulse-labeled for 4 MATERIALS AND METHODS Plant Material. C. ellipsoidea Gerneck (IAM C-27) was grown in synchronous culture at 25 C, under 9 to 10 kilolux, with 1% C02-air, at a concentration of about I x 1010 cells/l and under a 28-h light/14-h dark regime as described previously (10 Hardening. L2 cells were suspended in fresh inorganic medium (basal medium for the synchronous culture) to give a final concentration of about 2 x 10" cells/l. The cells in 20 ml of the suspension were kept in ice water for 10 min and then hardened at 3 C for 48 h. During hardening, the cultures were aerated with air enriched to about 1% CO2 and kept in the light (9 to 1O kilolux) or in the dark in the presence of 0.1% (w/v) glucose.
Estimation of Frost Hardiness. Five ml of the culture (about I x 1010 cells/l) in a sterilized test tube were cooled in an air-blast freezer at -20 C for 20 h. The frozen specimen was thawed in a bath kept at 25 C. The cooling and thawing rates, represented by the time required to change the temperature between 10 and -IO C, were about 41 min and 57 s, respectively. After freezethawing, the cell suspension was incubated on a reciprocal shaker at 25 C under about 2.5 kilolux light. Nonfrozen control sample was incubated under the same conditions. Packed cell volume of the cell suspension was measured with a hematocrit at zero time and after 72 h incubation. The viability of algal cells was determined by the ratio of increment in packed cell volume during the first 72 h incubation to the value of packed cell volume at zero time. Frost hardiness was estimated by the ratio of viability of frozen cells to that of unfrozen cells.
Pulse Labeling with 14CINaHCO3 in Light. Cells in 20-ml cultures (about 2 x 10" cells/l) were pulse-labeled at 3 C with 5 ,uCi [14C]NaHCO3 (47 mCi/mmol) for 4 min at various times of the hardening experiments. The pulse labeling was terminated by adding a 10 -fold amount of unlabeled NaHCO3. The labeled cells were collected by centrifugation, resuspended in 20 ml fresh medium kept at 3 C, and hardened again. Aliquots of 0.5 ml of the rehardened suspension were removed at suitable intervals to chase radioactivity incorporated into the acid-soluble and acidinsoluble fractions and total lipids of the cells. The procedure of fractionation was as follows. One-half ml of the culture was transferred to a test tube containing I ml 0.5 N HC104, kept ovemight at 5 C, and centrifuged. The residual cells were washed with 0.5 ml water by centrifugation. The two supernatant solutions were combined and designated as the acid-soluble fraction. The residue (acid-insoluble fraction) was solubilized with 0.5 ml 2 N KOH at 37 C for 2 days. Total lipids were extracted by a modification of the method of Bligh and Dyer (1) as described elsewhere (14). The radioactivity of the acid-soluble and acid-insoluble fractions was measured by scintillation counting (Intertechnique SL-32 liquid scintillation spectrometer) in Bray's solution (2) and that of total lipids by scintillation counting in toluene containing 0.4% PPO. Efficiency of counting was approximately 80%o and data were corrected for quenching by the external standard ratio method.
Pulse Labeling with 1I4CIGlucose in Dark. L2 cells were hardened in darkness in the basal culture medium containing 0.1% glucose. To remove glucose from the culture before pulse labeling, (Fig. 1, A and B) . The radioactivity incorporated into the acid-soluble fraction rapidly decreased in 3 h chase (Fig.   IA) . The rapid decline in "4C was accompanied by an increase in 4C in the acid-insoluble fraction (Fig. 1B) total lipids increased in a pattern similar to that in the acidinsoluble fraction (Fig. IC) . From these results, the radioactivity in total lipids at each chase time is expressed in Figure 2 as a percentage of the total radioactivity in the acid-soluble and acidinsoluble fractions at zero time of chase. The incorporation rate at each chase time decreased after a 6-h hardening. In the next 15 h, a distinct increase was noted. These results suggest that two different systems are involved in the lipid synthesis of the cells: an activity-decreasing system and an activity-increasing system. The incorporation rate at each chase time decreased again after a 45-h hardening (Fig. 2) . At present, the reasons for this decrease are not apparent, but one of the reasons may be a remarkable decline in the activity of CO2 assimilation in the late period of hardening (Fig. IA) because the incorporation rate of [14CJglucose into total lipids was only slightly decreased in the dark after a 45-h hardening (Fig. 6) .
Effects Figure 4 shows the results obtained with DCMU. The incorporation rate at zero time of hardening was markedly lowered by DCMU added at the start of hardening. When DCMU was added after the end of pulse labeling, the incorporation rate increased until 12 h hardening. These results suggest that the major site of the activity-decreasing system is the chloroplast. I14CJglucose increased with hardening time, except for an appreciable decline in incorporation into the acid-soluble fraction and total lipids after 45 h hardening. Figure 6 shows the incorporation rate of [1'4C] glucose into total lipids which was calculated as described in Figure 2 . The incorporation rate increased until 21 h hardening and hardly decreased even after 45 h hardening. These results support the conclusion that the activity-increasing system is localized in cytoplasm exclusive of chloroplast.
DISCUSSION
The fatty acid synthetase of algae has been extensively studied in Euglena gracilis (18 heterotrophically, the Euglena fatty acid synthetase is a multienzyme complex, but, when grown photoauxotrophically, both an acyl carrier protein-dependent system of discrete enzymes and the multienzyme complex are present (3, 4) . The system of discrete enzymes is associated with the chloroplast ribosomes and the multienzyme complex is associated with the cytoplasmic ribosomes (5, 6 
